Due to ongoing development, adolescence may be a period of heightened vulnerability to the neurotoxic effects of alcohol. Binge drinking may alter reward-driven behavior and neurocircuitry, thereby increasing risk for escalating alcohol use. Therefore, we compared reward processing in adolescents with and without a history of recent binge drinking. At their baseline study visit, all participants (age = 14.86 ± 0.88) were free of heavy alcohol use and completed a modified version of the Wheel of Fortune (WOF) functional magnetic resonance imaging task. Following this visit, 17 youth reported binge drinking on ≥3 occasions within a 90 day period and were matched to 17 youth who remained alcohol and substance-naïve. All participants repeated the WOF task during a second visit (age = 16.83 ± 1.22). No significant effects were found in a region of interest analysis of the ventral striatum, but whole-brain analyses showed significant group differences in reward response at the second study visit in the left cerebellum, controlling for baseline visit brain activity (p/˛ < 0.05), which was negatively correlated with mean number of drinks consumed/drinking day in the last 90 days. These findings suggest that binge drinking during adolescence may alter brain activity during reward processing in a dose-dependent manner.
Introduction
Adolescence is a period marked by continued structural and functional development in the brain (for review, see Blakemore, 2012) , as well as many associated behavioral and cognitive changes (for review, see Paus, 2005) . Adolescence is also a time of increased risk-taking behavior, including experimentation with drugs and alcohol (Eaton et al., 2012) . One possible explanation for increased risk-taking observed during adolescence involves the continued development of reward-related neurocircuitry (Galvan, 2010) . Brain regions, such as the orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), and striatum have been implicated as key components in the brain's reward system Schultz, 2000) and are regions that undergo development during adolescence (Goddings et al., 2014; Gogtay et al., 2004) . For example, dopamine receptor levels and binding in the striatum are higher during adolescence than adulthood (Seeman et al., 1987) and are accompanied by an increase in density of dopaminergic projections to the prefrontal cortex (Kalsbeek et al., 1988; Rosenberg and Lewis, 1994; Tunbridge et al., 2007) . These developmental changes in the reward system during adolescence may impact how the brain responds to reward. Specifically, some neuroimaging studies have found greater reward-related activation during adolescence, compared to that seen in adults and children, in regions such as the ventral striatum and mPFC (Van Leijenhorst et al., 2010) , which may be associated with an increase in ventral striatal dopamine release observed during rewarding events (Jonasson et al., 2014; Koepp et al., 1998) . This heightened plasticity of the reward system during adolescence may render the adolescent brain more vulnerable to the neurotoxic effects of drugs of abuse.
Currently, the most common form of substance use among adolescents is the use of alcohol. In the United States, by the end of the 12th grade, 68% of adolescents have reported drinking alcohol, 52% report being drunk in their lifetime, and 26% report being drunk within the last 30 days (Johnston et al., 2014) . Furthermore, binge drinking, the most common form of alcohol misuse among adolescents (Deas, 2006) , is reported by over 22% of adolescents (Johnston et al., 2014) . In line with findings of continued development of the reward system during adolescence, pre-clinical models have found that the reward system in adolescence responds differently to alcohol than during adulthood. Increased dopamine release within the ventral striatum during acute alcohol exposure is prominent in adolescents (Pascual et al., 2009; Philpot et al., 2009 ) and appears to be associated with greater rewarding effects of alcohol during this developmental stage (Pautassi et al., 2008; Ristuccia and Spear, 2008) , which may promote future drinking. In support of this notion, rodent models indicate that alcohol exposure during adolescence, compared to adulthood, increases reward driven behavior (McMurray et al., 2014; Schindler et al., 2014) .
A growing body of literature has documented numerous abnormalities in brain structure and functioning among adolescent alcohol users. Binge drinking during adolescence has been associated with differences in frontal lobe cortical thickness (Squeglia et al., 2012) and reductions in cerebellar volume (Lisdahl et al., 2013) , as well as widespread reductions in white matter integrity with and without comorbid marijuana use . Additionally, binge drinking has been shown to have an effect on brain activity during affective decision making (Xiao et al., 2013) and spatial working memory (Schweinsburg et al., 2008; Squeglia et al., 2011) . Cross-sectional neuroimaging studies have begun to explore the effects of alcohol on reward processing in the brain, but this work has been limited to adults. Alcohol-dependent adults have shown increased activation in the ventral striatum and mesial frontal cortex during reward notification compared to controls (Bjork et al., 2008b) , as well as reduced reward outcome-related positivity in the brain, measured with event-related potentials, suggestive of deficient reward processing (Kamarajan et al., 2010) . This latter "reward deficiency" finding is further supported by studies in adult alcoholics which found hyporesponsive activity in the ventral striatum during reward anticipation (Beck et al., 2009; Wrase et al., 2007) . While both hyper-and hyporesponsive activity in the ventral striatum have been seen in human adults, preclinical models in adolescents primarily support the idea of reward deficiency, such that repeated alcohol exposure leads to a hypodopaminergic state (Philpot et al., 2009) , and alcohol-induced changes to the reward system correlate with increased alcohol seeking behavior and voluntary consumption in adult rats that experienced adolescent alcohol exposure (Pascual et al., 2009) . No longitudinal study, to our knowledge, has investigated the effects of binge-level alcohol use on reward-related brain activation in an adolescent population.
The current study sought to expand on this body of literature by examining neural activation to reward in a group of bingedrinking adolescents compared to alcohol/drug-naïve controls using a prospective, longitudinal approach. Adolescents performed a modified version of the Wheel of Fortune (WOF) task (Ernst et al., 2004) , a reward-based decision-making task, during functional magnetic resonance imaging (fMRI). Based on previous findings in adult alcoholics of decreased reward-related activation (Beck et al., 2009; Wrase et al., 2007) , as well as alcohol's propensity to affect the reward system during adolescence (Pascual et al., 2009; Philpot et al., 2009) , we hypothesized that binge-drinking adolescents would show reduced brain activation to reward outcome, compared to their non-using peers, in reward processing regions, such as the mPFC and ventral striatum.
Materials and methods

Participant recruitment and screening
Over 200 participants, ages 12-16, were recruited as part of a longitudinal study on risk factors for and consequences of alcohol use on brain and behavior during adolescence (Cservenka et al., , 2014a Mackiewicz Seghete et al., 2013) . Recruitment was conducted through community mailings and local advertising. The participating youth and one of their parents or guardians were interviewed by phone during a pre-screen to determine initial eligibility, following which study consent and assent were obtained from parents and youth, respectively. Next, a longer telephone screening interview was conducted with the youth and parent, separately. During this screen, the Structured Clinical Interview (Brown et al., 1994) , the Diagnostic Interview Schedule for Children Predictive Scales (Lucas et al., 2001) , and the Family History Assessment Module (Rice et al., 1995) were administered to assess the presence of psychiatric conditions in the youth, and determine family history of psychopathology. Youth who met DSM-IV criteria for an Axis I disorder were not included in the study. Other exclusionary criteria for study participation were (1) lack of family history information, (2) presence of psychotic disorders in first-degree biological parents (i.e. schizophrenia or bipolar I), (3) parent report of prenatal alcohol exposure, (4) MRI contraindications (including pregnancy), (4) head injury with loss of consciousness, (5) use of psychotropic medication, (6) left-handedness (Oldfield, 1971) , and (7) serious medical/neurological conditions. Furthermore, since this study was aimed at understanding the neural consequences of initiating heavy drinking during adolescence, youth were excluded from the initial study visit if they reported >10 lifetime alcoholic beverages, >2 drinks/occasion, >5 lifetime uses of marijuana, or >4 cigarettes/day (Brief Lifetime version of the Customary Drinking and Drug Use Record (CDDR, Brown et al. (1998) ). Finally, the Hollingshead Index of Social Position (Hollingshead, 1957) was administered to the participating parent or guardian to estimate socioeconomic status (SES) of the youth, based on the parents' educational and occupational attainment. All procedures were in accordance with the ethical guidelines of the Oregon Health & Science University (OHSU) Institutional Review Board.
Study procedures and follow-up assessments
Eligible male youth were scheduled for study visits at any time, while female youth were scheduled during the first 10 days of their menstrual cycle (follicular phase) to account for cycle-related variations in hormone levels. At the initial baseline study visit (age range: 13.15-16.34), participants underwent neuroimaging, during which they completed a modified version of the WOF fMRI task Ernst et al., 2004 ) and a structural MRI scan for co-registration of functional data (other components of the MRI scan are not reported in this study). Furthermore, youth completed a neuropsychological battery within one week of the imaging session, which included estimates of intellectual functioning using the Wechsler Abbreviated Scale of Intelligence (WASI, Wechsler (1999) ). Pubertal status was assessed with gender-specific line drawings representing pubertal development with Tanner's Sexual Maturation Scale (Taylor et al., 2001) . The Children's Depression Inventory (Kovacs, 1985) and the State-Trait Anxiety Inventory (Spielberger et al., 1973) were administered at each study visit to assess depressive symptoms and state anxiety, respectively.
Following completion of the initial study visits, participants could elect to participate in the longitudinal portion of the study. If youth assented to participating, they were contacted by phone approximately every 3 months. During these phone interviews, youth were asked to provide information on drinking behavior in the past 90 days with the CDDR (Brown et al., 1998) , following which the 90-day Timeline Followback (TLFB) (Sobell and Sobell, 1992; Sobell et al., 1986 ) was used to collect detailed information on alcohol, marijuana, nicotine, and other drug use, if any use was reported. Based on these interviews, youth who reported binge drinking (≥5 drinks/occasion for males and ≥4 drinks/occasion for females) on at least one occasion in the past 90 days, and had at least two other occasions of ≥4 drinks/occasion in that 3-month period, were invited back for a second study visit 1 with identical neuroimaging procedures and neuropsychological measures as administered during their baseline visits. Youth were asked to abstain from alcohol and/or other drug use for 72 h prior to the second study visit. At the time of the second study visit (age range: 14.51-18.68), absence of acute alcohol intoxication prior to the neuroimaging session was confirmed with a breathalyzer, which was negative for all youth. A urine test was also collected at this time to assess for other drugs youth may have taken. Nine youth from the binge-drinking group tested positive for tetrahydrocannabinol, while one of these nine also tested positive for tricyclic antidepressants, although use of this medication was not reported. 17 youth met binge-drinking criteria to be invited back for a revisit (except one male youth whose largest binge was 4 drinks, but also completed the revisit study procedures), and these youth were matched to 17 controls who had not initiated any alcohol or substance use. Alcohol-using youth were matched on age, puberty, and sex to controls and these adolescents also completed the identical revisit study procedures. The interval between visits was variable across subjects as some youth emerged into binge drinking more quickly than others. Youth completed revisits between 0.60 and 4.45 years of being in the study. Binge drinkers and controls were matched on time between visits (mean for bingers = 2.05 ± 1.18 years; mean for controls: 1.90 ± 1.01 years; t 32 = −0.40, p = 0.69).
Wheel of Fortune fMRI task
A modified version ) of the WOF fMRI task (Ernst et al., 2004) was administered to all youth during both their baseline and second study visits. This task has been described in detail elsewhere , but briefly, procedures were as follows. The task consisted of two runs of 36 trials each, divided into three phases per trial, with 1-11 second fixation periods jittered between trials. Wheels divided into two portions, were presented in the first phase of each trial. Each portion of the wheel was associated with the probability of winning a certain monetary reward. In the first phase of each trial, participants made a decision about which portion of a wheel they wanted to pick, in the second phase, they anticipated whether or not they would win, and in the third phase, they received feedback on whether or not they won. Winning was based on whether the choice in the decision-making phase of the task matched the pre-defined probabilities that were programmed in the task. The portions of each wheel were categorized as either risky (10% chance of winning $7 or 30% chance of winning $2), safe (90% chance of winning $1 or 70% chance of winning $1), or chance (50% chance of winning $2) .
To assess reward processing differences between adolescent binge drinkers and controls, the third phase of the task was analyzed. The contrast of interest in the third phase was behavior and brain response to Wins vs. No Wins. Wins were classified as those trials in which participants won the portion of the wheel they selected after a risky, chance, or safe choice. No Wins were those trials in which participants did not win the portion of the wheel they selected after a risky or chance choice. Since not winning after making a safe choice was rare, but could represent the greatest expectancy violation during the task based on expected values (0.90 for 10/90 wheels and 0.70 for 30/70 wheels), these trials were not included in the regressor representing No Win brain response. Furthermore, to ensure youth were engaged in the task during reward notification, they were asked to make a button press with their index finger if they won, or a button press with their middle finger, 1 Except for one male youth who completed the second visit after consuming four drinks on four occasions in a 90 day period before his revisit.
if they did not win during each trial. Accuracy and reaction time on these trials was recorded. All participants practiced the WOF task prior to entering the scanner.
Image acquisition
Participants were scanned with a Siemens 3T Tim Trio system at OHSU's Advanced Imaging Research Center. A mirror was mounted on a 12-channel head coil, so that participants could view the task projected on a screen at the end of the scanner bore. All youth were given earplugs and headphones to reduce noise from the MRI scan and allow communication with the scan operator through an intercom system. Pillows were placed around each participant's head to limit head motion while lying in the supine position. A four button optical button box, placed in the participant's right hand, was used to make responses during the WOF task. A T1weighted structural MPRAGE scan (time repetitions (TR) = 2300 ms, time to echo (TE) = 3.58 ms, inversion time (TI) = 900 ms, flip angle = 10 • , field of view (FOV) = 240 mm × 256 mm, voxel size = 1 mm × 1 mm × 1.1 mm, 160 slices, acquisition time = 9:14) was acquired sagittally for co-registration of the functional data to the participant's anatomical image. T2*-weighted echo planar imaging, acquired in the axial plane, was used to measure the blood oxygen level-dependent (BOLD) response during the WOF task (TR = 2000 ms, TE = 30 ms, flip angle = 90 • , FOV = 240 mm 2 , voxel size = 3.75 mm × 3.75 mm × 3.8 mm, 33 slices, acquisition time = 2 runs of 300 TRs, lasting 10:00 min each).
Image preprocessing
Image preprocessing followed conventional procedures previously described in other reports . Analysis of Functional NeuroImages (AFNI) was used for all image preprocessing (Cox, 1996) . Briefly, following image reconstruction, anatomical masks were skull-stripped to remove non-brain skull and tissue. First, functional data were subjected to slice timing correction, identification of movement artifact, and realignment of TRs to the volume requiring the least amount of adjustment of rigid body head motion following a least squares algorithm (Cox and Jesmanowicz, 1999) . Then, TRs that required more than 2.5 mm or 2.5 degrees of adjustment were censored prior to further analyses to limit artifact induced by head motion or other noise. Functional data were blurred with a 6 mm full width half maximum Gaussian kernel to increase signal-tonoise ratio, fractionized to the anatomical image, and normalized to convert values to relative percent signal change. The two runs of the WOF task were then concatenated as were the six motion regressors from each run of the task. The hemodynamic response function (HRF) was modeled with duration of the event defined as the length of each phase of the trial, while modeling delays in the HRF. Regressors of interest were represented by Wins and No Wins (as defined above), while other task-related regressors, including risky, safe, and chance decisions, and risky, safe, and chance anticipations were also modeled (as defined above), but were not examined for the current analyses. AFNI's baseline model included the six motion regressors of non-interest, unmodeled fixation, linear drift, and the average BOLD signal from the entire timecourse of the task. Data were re-sampled into 3 mm 3 voxels and transformed to standardized Talairach space (Talairach and Tournoux, 1988) .
2.6. Group-level analyses 2.6.1. Demographics and behavior Demographic variables and dependent variables from task performance were examined for normal distribution using IBM SPSS Version 20.0 (Corp. Released, 2011) . Mixed model analysis of Conjunction map of task-related brain activity during reward processing. Task-related activity maps for each group at each study visit (baseline and revisit) were voxel-thresholded at p < 0.05 and a conjunction map was created for Win > No Win brain response to determine areas commonly activated across participants regardless of group status or time of study visit. Occipital, superior parietal, dorsolateral prefrontal, caudate, and ventral striatal brain activity were seen in the Win > No Win contrast overlaid on AFNI's Talairach template brain in the axial view. variance (ANOVA) examined effects of group, time, and group-bytime interactions for demographic variables. Non-normal variables, including pubertal stage and accuracy identifying a Win or No Win during the feedback phase of the WOF task, were compared between groups for each study visit with Mann-Whitney U tests, while other variables were compared between groups using independent samples t-tests. Outliers on drinking measures or brain activity greater than 2.5 standard deviations from the mean were excluded from correlational analyses relating brain activity with drinking behavior. Cigarette and marijuana use characteristics were severely positively skewed, so they were log-transformed prior to correlational analyses.
Imaging
To illustrate significant WOF task-related activity, regardless of group status and study visit, we conducted a conjunction analysis, voxel thresholded at p < 0.05 ( Fig. 1) , which confirmed expected reward-related and task-positive brain regions activated by the task in the Win vs. No Win contrast, including the ventral striatum, occipital cortex, and fronto-parietal regions. The Win vs. No Win contrast appears to be a valid measure of reward processing, as opposed to more general incentive salience processing, as areas activated in the current study closely resemble those in previous adolescent studies of reward vs. no reward brain activity, which show distinct patterns from loss vs. no loss BOLD response (Bjork et al., 2008a (Bjork et al., , 2010 .
For group-level analyses, an a priori region of interest (ROI) analysis of the ventral striatum was conducted by using the Talairach Daemon atlas in AFNI, and applying 4-mm radius masks (10 voxels each) of the left and right ventral striatum with peak coordinates at 12, −8, −8 (right ventral striatum) and −12, −8, −8 (left ventral striatum). The ventral striatal masks were resampled to 3 mm 3 to match the functional data. Percent signal change for the Win vs. Next, for the whole-brain analyses examining differences in reward processing between binge drinkers and controls, one sample t-tests were voxel thresholded at p < 0.05 for each group and added together to form a map of task-related brain activity at the second study visit. AFNI's 3dttest++ was used to compare groups on (Taylor et al., 2001) ; missing for one binge-drinking and one control youth at revisit. b Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) . c Hollingshead Index of Social Position; higher scores indicate lower SES (Hollingshead, 1957) ; missing for twelve binge-drinking and eight control youth at revisit. d Root mean square. e Revisit vs. Baseline Visit. f Children's Depression Inventory (Kovacs, 1985) ; missing for three binge-drinking and two control youth at revisit. g State-Trait Anxiety Inventory (Spielberger et al., 1973). differences in brain activity during Wins vs. No Wins, restricted to the pre-defined task-related activity mask. Results of this analysis were multiple comparison corrected using Monte Carlo simulation with both a voxel and cluster threshold (p/˛ < 0.05) (Forman et al., 1995) , yielding a minimum cluster size of 102 voxels. Percent signal change from the cluster in which significant group differences emerged at the second study visit were extracted with 3dROIstats, and signal from the baseline study visit was also extracted from this region. Hierarchical regressions in IBM SPSS Version 20.0 (Corp. Released, 2011) tested whether group differences remained significant after accounting for brain activity in this cluster at the first study visit, age at revisit, and time between scans. Significant findings from this analysis were overlaid on a Talairach brain template in AFNI, while bar graphs created in GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California, USA, www. graphpad.com, were used to illustrate percent signal change in each group at first and second study visits in both the significant contrast of interest (Win vs. No Win) and for Win vs. baseline, and No Win vs. baseline brain activity.
In order to examine whether group differences in brain activity were present between youth who emerged into binge drinking and controls, an identical whole-brain analysis to that described above was conducted at baseline (controlling for baseline differences in head movement; p/˛ < 0.05, ≥94 voxels). Furthermore, two-way ANOVAs examined effects of group, sex, and group-by-sex interactions in clusters where significant differences in BOLD response were present between binge drinkers and controls at revisit.
Results
Demographic characteristics and WOF task behavior
Participant characteristics at each study visit are illustrated in Table 1 (baseline study visit and revisit). Seventeen youth met criteria for binge drinking in the study and completed the second study visit. These youth were matched to 17 controls who had abstained from alcohol and drugs. Valid WOF task data were available from all youth at each study visit. Mixed model ANOVAs examined groupby-time interactions and main effects for all demographic variables in Table 1 , except for SES, which was missing for eight controls and 12 binge drinkers at revisit. No significant group-by-time interactions were present for any of the variables. Main effects of time were present for age (F 1,32 = 109.92, MSE = 0.60, p < 0.0001, partial Á 2 = 0.78), pubertal status (F 1,32 = 16.48, MSE = 0.27, p < 0.0005, partial Á 2 = 0.36), and state anxiety (F 1,32 = 6.86, MSE = 23.72, p = 0.01, partial Á 2 = 0.18). Youth were older, more pubertally mature, and less anxious at revisit compared with baseline visit. No main effects of group were present. When examining groups separately at each study visit, significant differences in pubertal stage and head movement were seen at the baseline study visit, such that youth who later emerged into binge drinking were more pubertally mature at this time, while youth who abstained from alcohol use had more head movement during the WOF task (Table 1) . No differences in any of the demographic variables were present between the groups at the second study visit. No significant differences in task performance (mean reaction time and accurate identification of winning or not winning) were present at either study visit (all p's >0.10, Table 2 ).
Alcohol and drug use
Drinking characteristics in the binge drinkers at the time of the second study visit are listed in Table 3 . The CDDR (Brown et al., 1998) and TLFB (Sobell and Sobell, 1992) were administered to assess previous 90-day alcohol and substance use. Lifetime measures of alcohol, marijuana, and cigarette use were also calculated based on summing the amount of drinks consumed, amount of times marijuana was used, and number of cigarettes smoked from time of study entry through the time of the second study visit. Other substance use characteristics, including age of onset of cigarette and marijuana use are also listed in Table 3 . All but two binge-drinking youth, had used marijuana at least once in their lifetime by the time of the second study visit. None of the controls had ever reported consuming alcohol or using any other substances in this study.
Neuroimaging
The a priori ROI analysis of Win vs. No Win brain response in the ventral striatum did not show any significant group differences in brain response at revisit controlling for baseline brain response in these regions (left ventral striatum: F 2,31 = 1.31, R 2 = 0.003, p = 0.28, ˇ = −0.05, t = −0.30, p = 0.76; right ventral striatum: F 2,31 = 0.21, R 2 = 0.003, p = 0.81, ˇ = −0.06, t = −0.32, p = 0.75). To follow-up on these negative findings, intra-class correlation coefficients (ICC) using baseline and revisit brain response were calculated in IBM SPSS Version 20.0 (Corp. Released, 2011) for the control group only to limit confounds related to alcohol's effects on the BOLD signal in this region. For the control group, the ICCs were 0.62 and 0.50 for left and right ventral striatum, respectively. These ICCs correspond to fair to good ranges for reliability (Fleiss, 1986) , and fall within accepted ranges for neuroimaging analyses (Aron et al., 2006) . For the whole-brain analysis, a significant group difference in brain activity to Wins vs. No Wins was seen in the left cerebellum (lobule VIIa/crus I) at revisit, while no significant group differences in Win vs. No Win BOLD response were present at the baseline visit. In this cluster, binge drinkers showed reduced Win vs. No Win brain response at the second study visit compared with controls (Fig. 2) . Examination of the simple contrasts of Win vs. baseline and No Win vs. baseline brain activity to interpret the results indicated that this effect was driven by greater brain response during Winning in controls compared with binge drinkers (t 32 = 2.95, p = 0.007). Binge drinkers showed no significant dissociation between BOLD response to Wins and No Wins at the second study visit (t 16 = 2.07, p > 0.05), but distinct brain activity was seen between these two conditions in the control group (Brown et al., 1998) . b n = 15. c n = 9. d One participant reported using psychedelic mushrooms and 3,4methylenedioxy-methamphetamine (once each/lifetime), a second participant reported using psychedelic mushrooms, 3,4-methylenedioxy-methamphetamine, and lysergic acid diethylamide (three times, six times, and one time respectively/lifetime), a third participant reported using psychedelic mushrooms, 3,4-methylenedioxy-methamphetamine, and lysergic acid diethylamide (three times, six times, and one time, respectively/lifetime), a fourth participant reported using 3,4-methylenedioxy-methamphetamine once/lifetime, a fifth participant reported using nitrous oxide once/lifetime, and a sixth participant reported using psychedelic mushrooms once/lifetime.
(t 16 = 4.95, p = 0.0001). At the baseline study visit, however, there were no differences in Win vs. baseline (t 32 = 0.97, p = 0.34) or No Win vs. baseline (t 32 = 0.31, p = 0.76) brain activity in this region between binge drinkers and controls. In fact, both groups showed elevated BOLD response to Wins compared with No Wins (Bingers: (t 16 = 2.38, p = 0.03); Controls: (t 16 = 2.56, p = 0.02)) in the absence of any heavy drinking.
Next, main effects of group, sex, and a group-by-sex interaction were examined using a two-way ANOVA at both revisit and baseline visit. Main effects of group (F 1,30 = 15.72, MSE = 0.02, p < 0.0005, partial Á 2 = 0.34) and sex (F 1,30 = 8.23, MSE = 0.02, p = 0.007, partial Á 2 = 0.22) were present for Win vs. No Win BOLD response at revisit (Fig. S1B) . Post hoc t-tests indicated significantly lower Win vs. No Win brain response in binge drinkers compared with controls (t 32 = 3.53, p = 0.001) and significantly lower Win vs. No Win brain response for males compared with females (t 32 = 2.40, p = 0.02). A follow-up ANOVA on the simple effect contrasts suggested this was driven by Win vs. baseline BOLD response, as main effects of group (F 1,30 = 9.68, MSE = 0.07, p = 0.004, partial Á 2 = 0.24) and sex (F 1,30 = 4.12, MSE = 0.07, p = 0.049, partial Á 2 = 0.12) were also present for this contrast, such that binge drinkers had lower brain response than controls, and males had lower brain response than females. No group-by-sex interaction in cerebellar response was present at revisit. No main effects of group or sex, and no groupby-sex interaction were present for BOLD response in the cerebellar cluster at the baseline visit ( Fig. S1A , all p's > 0.10).
To determine whether group differences in brain activity at the second study visit could have been related to preexisting baseline group differences in brain response, age at revisit, or time between visits, we conducted a hierarchical regression, controlling for these variables. Group differences in pubertal stage and head movement (root mean square) were not significantly related to baseline cerebellar activity, so were not covaried for in the analyses. Controlling for baseline activity in this region, age at revisit, and time between visits, differences in left cerebellar activity between binge drinkers and controls remained significant at the second study visit (F 4,29 = 5.0, R 2 = 0.28, p = 0.003, ˇ = −0.54, t = −3.68, p = 0.001).
Drinking characteristics were examined in correlation with Win vs. No Win, Win vs. baseline, and No Win vs. baseline BOLD response in the left cerebellar cluster. One youth with percent signal change greater than 2.5 standard deviations from the mean was excluded from correlations. One significant correlation was present when relating past 90 day drinks/drinking day with reward outcome-related brain activity (Fig. 3) . Average drinks consumed in the past 90 days was negatively related to No Win vs. baseline BOLD response in the left cerebellum, indicating greater number of drinks/drinking day consumed in the last 90 days was associated Simple effects show this was attributed to reduced activity during Win vs. baseline in binge drinkers, compared with controls. While controls showed elevated brain response during Win vs. baseline compared with No Win vs. baseline, brain activity was not distinct in binge drinkers during reward receipt or absence. This is in contrast to brain response in this region at the baseline visit, when both groups showed more activity in response to Wins than No Wins. *p < 0.05. Fig. 3 . Drinks consumed/drinking day in the past 3 months was negatively related to cerebellar brain response in binge drinkers. Average drinks/drinking day was negatively associated with reward-related activity in binge drinkers. Win vs. baseline activity is plotted on the left y-axis, while No Win vs. baseline activity is plotted on the right y-axis.
with reduced BOLD activity in this region. Marijuana and cigarette use characteristics were also examined for relationships with brain activity, since 15 of the 17 binge drinkers had used marijuana at least once by the time of the second visit, while 9 of the 17 binge drinkers had smoked cigarettes by this time. Age of first marijuana use, lifetime marijuana use, age of first cigarette use, and lifetime cigarette use, were not significantly correlated with Win vs. No Win, Win vs. baseline, or No Win vs. baseline brain response at time of revisit (all p's > 0.10).
Discussion
To our knowledge, the current findings are the first to report alterations in brain functioning during reward processing in adolescent binge drinkers, using a prospective longitudinal design. Since binge drinking is a commonly observed alcohol use pattern during adolescence, reported by nearly a quarter of youth in 12th grade (Johnston et al., 2014) , it is important to understand whether this pattern of alcohol use may alter adolescent reward processing. Alcohol-induced neurotoxicity during adolescence may have long-term effects that extend well into adulthood, thus signaling the need to identify brain areas affected by heavy alcohol consumption during neuromaturation.
Cerebellum and alcohol-induced neurotoxicity
In contrast to our hypothesis of reduced ventral striatal or mPFC activity, we report a significant difference between binge drinkers and controls in left cerebellar (lobule VIIa/crus I) activity, driven by reduced BOLD response in this region in heavy alcohol users compared with controls during reward receipt. A previous study found that ventral striatal activity was similar in alcohol-dependent adults vs. controls, and that personality characteristics accounted for more variance in nucleus accumbens activity than alcoholdrinking status (Bjork et al., 2012) , which may help explain the negative findings in this region. Furthermore, it is possible that effects in mesolimbic circuitry may only be present after prolonged, heavy alcohol use, as seen in adults with alcohol use disorders (AUDs) (Beck et al., 2009; van Holst et al., 2014; Wrase et al., 2007) . It is currently unknown whether long-term heavy alcohol use that is initiated during adolescence may alter reward-related ventral striatal response. In the current study, ICC values of percent signal change in the ventral striatum were fair to good (but not excellent), making it difficult to determine if the negative results of binge drinking-related effects in this region were due to lack of power or lack of effect. Importantly, these modest values may also be impacted by developmental change in this region, rendering reliability over time in this age range difficult to assess. However, the negative findings in the ventral striatal ROIs had small effect sizes (Cohen's f 2 = 0.003-0.004), suggesting that even with a larger sample, we may not have observed significant group differences in this region.
Nevertheless, the directionality of the findings does support hyporesponsive cerebellar activity during reward receipt in binge drinkers. We found that compared to their baseline study visit, binge drinkers showed significant reductions in cerebellar brain response during reward processing, while control youth did not. The absence of significant differences in brain activity in these youth prior to the initiation of heavy alcohol use provides greater confidence that the current findings could be associated with alcohol consumption, rather than preexisting neural alterations in binge drinkers prior to heavy alcohol use. A significant relationship with mean number of alcoholic beverages consumed/drinking day in the past 3 months was negatively related to reward outcome processing in lobule VIIA/crus I, providing further support for dose-dependent alcohol-related changes in brain functioning. Additionally, cerebellar brain response has been seen in other reward processing studies during both reward anticipation and feedback (Dichter et al., 2012; Koeneke et al., 2008; Nees et al., 2012) . For example, cerebellar crus I activity was found during the outcome phase of a wheel-of-fortune game with chocolate bar rewards where individual preference for rewards was correlated with cerebellar crus I activity during reward receipt (Koeneke et al., 2008) . Thus, cerebellar crus I activity may be an important region for examining reward outcome processing.
The current study employed the use of a decision-making task to determine alcohol's effects on adolescent reward processing, because animal and human studies suggest that reward-driven behavior (McMurray et al., 2014; Schindler et al., 2014) is altered after heavy alcohol consumption during adolescence. However, it is unclear whether reward-related response is hyper-or hypoactive in human AUDs (Beck et al., 2009; van Holst et al., 2014; Wrase et al., 2007) . The present findings support reduced reward response in binge-drinking youth in the cerebellum, a brain region that has consistently been associated with volumetric (Anderson et al., 2010; Chanraud et al., 2007 Chanraud et al., , 2010 De Bellis et al., 2005; Sullivan et al., 2000 Sullivan et al., , 2010 and functional Jung et al., 2014; Pitel et al., 2013; Rogers et al., 2012; Sullivan et al., 2003) abnormalities in adults and youth with heavy alcohol consumption. Rodent models indicate that chronic ethanol intake induces apoptosis of both Purkinje and granule cells in the cerebellum (Oliveira et al., 2014) , and reduces synaptic plasticity (Valenzuela et al., 2010) . Human neuroimaging studies have found that cerebellar volume and connectivity in alcoholics are associated with motor (Sullivan et al., 2000) and cognitive (Chanraud et al., 2007 (Chanraud et al., , 2010 Jung et al., 2014) impairments. These relationships are explained by the cerebellum's role in classic motor functioning (Ito, 2006) , but also its functional connections with executive control regions, such as the prefrontal cortex (Diamond, 2000; Kelly and Strick, 2003; Krienen and Buckner, 2009; Schmahmann and Pandya, 1997) . Additionally, cerebellar damage results in cerebellar cognitive affective syndrome (Schmahmann and Sherman, 1998) , characterized by emotional regulation deficits, implying connectivity with the limbic system (Heath et al., 1978; Schutter and van Honk, 2005) . It is believed that cerebellar cognitive affective syndrome may, in part, account for cognitive and emotional deficits observed in alcoholics with cerebellar damage (Fitzpatrick et al., 2008) . Thus, prefrontal and limbic connectivity with the cerebellum could explain why brain activity may be altered in heavy alcohol users in this region during tasks with high emotional salience, such as a reward-based decision-making task.
In terms of adolescent-specific drinking behavior, the current findings support previous reports -that a pattern of binge drinking during adolescence may be neurotoxic to the cerebellum. Not only has reduced volume been reported in alcoholics (Sullivan et al., 2000 and youth with AUDs (De Bellis et al., 2005) , but a recent study also found reduced cerebellar volume in bingedrinking adolescents, related to the participants' recent alcohol consumption (Lisdahl et al., 2013) . The current study complements this finding by providing evidence for binge drinking-related effects on cerebellar reward response, also related to recent alcohol consumption. While past studies have reported binge drinking effects during adolescence on brain response during working memory (Squeglia et al., 2011) , verbal encoding (Schweinsburg et al., 2010 , and affective decision-making (Xiao et al., 2013) , this is the first study to report effects on reward processing. It is possible that emotional salience of trials with reward receipt is reduced in value for binge drinkers, which could explain reduced cerebellar activity to reward and comparable response in this region regardless of whether feedback indicated reward presence or absence. This interpretation is supported by the finding that reduced response to reward in binge drinkers was localized to lobule VIIa/crus I, a posterior part of the cerebellum implicated more in cognitive and emotional functions based on its connectivity patterns, as opposed to motor functions that are localized to anterior portions of the cerebellum (Stoodley, 2012) . It is damage to this posterior portion that has been reported to result in cognitive and emotional deficits (Stoodley and Schmahmann, 2010) . These findings suggest an emotional component to cerebellar response during reward processing that is supported by the specific cerebellar region in which blunted reward response was observed in binge drinkers. Future studies will need to examine regional specificity of cerebellar alterations in activity and volume in heavy alcohol users to determine whether motor and/or cognitive/affective deficits would be expected.
Since hypoactive reward response has been reported in the ventral striatum of alcoholics in previous studies (Beck et al., 2009; Wrase et al., 2007) , the current findings could also be explained by models that suggest changes in the cerebellum with its functional relationships to reward-related brain regions in addiction (Moulton et al., 2014) . Reciprocal dopaminergic projections between the basal ganglia and the pontine nuclei provide connectivity to the cerebellar cortex (Bostan and Strick, 2010) . This connectivity profile could explain a hypoactive pattern of cerebellar response to reward receipt in binge drinkers if this pathway is altered by heavy alcohol use. Additionally, crus I has been shown to be functionally connected to brain regions involved in emotional salience, such as the anterior insula and anterior cingulate cortex (Buckner et al., 2011) , which provides further evidence for posterior cerebellar involvement with addiction (Moulton et al., 2014) . The current findings may suggest that heavy alcohol use has reduced the salience or value of rewards in binge drinkers, which could lead to a path of increased reward-seeking behavior that may ultimately heighten vulnerability for the development of AUDs.
Strengths and limitations
The strengths and limitations of the present study merit discussion. First, by collecting data on participants at both a baseline and second study visit, we were able to examine group differences in alcohol-related effects on brain functioning by accounting for preexisting differences in patterns of brain activity in youth who have not yet engaged in heavy alcohol use. The present results can confirm with greater confidence that the current findings are more likely due to differences in alcohol consumption between the groups, rather than a premorbid difference in vulnerability toward alcohol use in these youth. In fact, the relationship observed between number of drinks consumed/drinking day in the 3 months leading up to the second study visit with cerebellar brain activity, suggests that, in fact, there may be a dose-response relationship between alcohol use and cerebellar reward processing in binge drinkers. Additionally, to our knowledge this is the first longitudinal study to report on the effects of adolescent binge drinking during reward processing. Given that multiple studies report aberrant reward processing in adult alcoholics (Beck et al., 2009; van Holst et al., 2014; Wrase et al., 2007) , the current findings suggest that alcohol-induced reward-related alterations during neurodevelopment may already be taking place prior to the onset of an AUD.
Despite prospective methodological rigor, the size of the current sample was too small to examine sex-by-alcohol use interactions on brain functioning at the whole-brain level. However, we expect additional youth to emerge into binge drinking during the longitudinal study, and thus anticipate a larger sample will allow us to answer important questions related to sex interactions that have been reported in the adult alcoholism literature. Additionally, the current sample of adolescent binge drinkers reported use of other substances that may have limited detection of purely alcohol-related effects. A majority of the binge drinkers had used marijuana by the time of the second study visit, and half had used cigarettes. This is not surprising, as cigarette and marijuana use are highly co-morbid with alcohol use during adolescence (Moss et al., 2014; Palmer et al., 2009 ). Thus, it is difficult to examine binge drinkers who have not used any other substance but alcohol. However, given that none of the cigarette or marijuana use variables related to brain activity in the current study, it is more likely that the current effects are alcohol-related, especially considering the correlations found with drinking variables and BOLD response. Finally, while a relationship between alcohol use and cerebellar brain response was found at revisit, the possibility of other confounding variables that were not assessed (i.e. early life trauma, cumulative stressful life events), which could have increased between the baseline visit and revisit, or differed by group or sex, may have influenced the current findings, and could be assessed in future studies.
Conclusions
To our knowledge, this is the first study to report on adolescent binge drinkers and brain activity during reward processing, using a longitudinal design. The cerebellum has consistently been implicated in alcohol-related brain damage across studies of adults and adolescents. We contribute to this literature by showing that binge drinkers have reduced reward-related response in the left posterior cerebellum (lobule VIIa/crus I), a pattern that was not present prior to heavy alcohol use. Lobule VIIa/crus I of the posterior cerebellum is a region implicated in affective processing, cognitive functioning, as well as reward salience (Moulton et al., 2014; Stoodley, 2012) . This suggests that response to reward presence may be blunted in binge drinkers due to alterations of pathways to limbic and/or reward systems, which could potentially drive further risky drinking behavior. Importantly, these findings may contribute to targeted early intervention strategies in adolescent binge drinkers, as it suggests that reward functioning may be altered in youth who have just begun to engage in heavy alcohol use.
